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Background: The study examined the cost variation across 29 high-volume US hospitals and their
afﬁliated orthopaedic surgeons for delivering a primary total knee arthroplasty without major compli-
cating conditions. The hospitals had similar patient demographics, and more than 80% of them had
statistically-similar Medicare risk-adjusted readmission and complication rates.
Methods: Hospital and physician personnel costs were calculated using time-driven activity-based
costing. Consumable supply costs, such as the prosthetic implant, were calculated using purchase prices,
and postacute care costs were measured using either internal costs or external claims as reported by each
hospital.
Results: Despite having similar patient demographics and readmission and complication rates, the
average cost of care for total knee arthroplasty across the hospitals varied by a factor of about 2 to 1. Even
after adjusting for differences in internal labor cost rates, the hospital at the 90th percentile of cost spent
about twice as much as the one at the 10th percentile of cost.
Conclusions: The large variation in costs among sites suggests major and multiple opportunities to
transfer knowledge about process and productivity improvements that lower costs while simultaneously
maintaining or improving outcomes.
© 2016 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).Introduction
Health care providers are coming under greater ﬁnancial pres-
sure, especially from more value-based and accountable payment
methods. To cope, they need to understand their costs accurately
over the full course of treatment by medical condition. Previous
efforts to understand cost variation across providers have used
measurement approaches that did not reﬂect the actual cost of the
people and equipment used to deliver care. For example, studies of
abdominal and congenital heart surgery [1,2] used the ratio of cost-
to-charges (RCC) method, a widely-used but inaccurate health care
costing method. The RCC method assumes that the cost to perform
each service is the same percentage of the charge for each service.closed potential or pertinent
ent, either direct or indirect,
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.08.001For instance, if total costs in a unit are $1.2 million and total charges
are $2 million, the RCC method estimates the cost to perform each
service as 60% of the service's charge. While the RCC approach is
simple to understand and easy to implement, it is inaccurate
because the charges have not been established based on actual
costs of resources used to deliver each service.
We applied time-driven activity-based costing (TDABC) to study
the cost variation for performing total joint arthroplasties (TJAs) at 29
high-volume hospitals. TDABC, a bottoms-up approach, uses process
mapping to identify the types and costs of all personnel utilized in
each step of a complete cycle of care [3-6]. TDABC has previously
been used to examine the costs of TJAs at individual sites [7,8].
TJAs are one of the most commonly performed major surgeries
in the country. Currently, more than 1 M joint arthroplasties are
performed per year in the United States, and the number is pro-
jected to reach 4.05 M per year by 2030 [9,10]. Also, motivating this
study is the increased use of bundled payments for joint arthro-
plasties, which causes hospitals to become more ﬁnancially
accountable for their costs of care. The Centers for Medicare and
Medicaid Services introduced bundled payments in 2013 through a
Bundled Payments for Care Improvement initiative, comprised of 4
models of bundled payments across a range of medical and surgicalciation of Hip and Knee Surgeons. This is an open access article under the CC BY-NC-
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Medicaid Services introduced the Comprehensive Care for Joint
Replacements model for primary TJAs. This payment initiative
holds hospitals ﬁnancially accountable for all related Medicare Part
A and B expenditures from the time of hospital admission through
90 days post discharge [11]. Beyond these public payer programs, a
national alliance of leading providers has been established to offer
orthopaedic surgeries at a ﬁxed bundled price directly to large
employers and employer groups [12].
The present study brought together 29 US-based sites to facili-
tate the measurement of their direct costs of providing a total knee
arthroplasty (TKA) and help them to understand the primary
drivers of cost variation across providers. Overall, Medicare data
indicate that 95%-97% of hospitals were not statistically different
from one another on risk-adjusted complication and readmission
rates for TKAs (Table 1) [13]. While these quality measures are not
comprehensive, the little variation among them indicates large
opportunities to reduce the variation in costs of TKAs without
adversely impacting outcomes. Previous research has documented
wide variation in reimbursement rates and hospital and physician
charges [14,15]. A recent study showed a 380% variation in reim-
bursement rates across the country for TKAs, including asmuch as a
2.67 difference within a single geographic market [16]. These
studies, however, have not compared providers' actual costs for
delivering TKAs over an entire cycle of care.Material and methods
The article authors and the Institute of Healthcare Improvement
organized a Joint Replacement Learning Community during cal-
endar year 2014 to measure the value and improve the perfor-
mance of the participating hospitals (“sites”). Hospitals that
performed at least 200 primary TJAs in the prior year were eligible
to participate. Thirty-two hospitals enrolled in the program, 29
were from the United States. The participating hospitals performed
an average of 800 TJAs in 2013.
Nineof theUS-basedhospitalswereacademicmedical centers;20
were community hospitals. Their TJA patients had similar average
age (65years)andbodymass indexof31 [17].Weexcludedcaseswith
major complicating conditions by studying only cases equivalent to
a Medicare Severity-Diagnosis Related Group (MS-DRG) of 470.
Twenty-four of the providers had risk-adjusted readmission and
complications rates for TJAs that were no different than average
based on Medicare Hospital Compare data. Two organizations had
rates that were statistically better than average, and 3 organizations
were worse on one or both outcome dimensions [13].
The analysis included costs over a care cycle that started with
the initial ofﬁce visit at which the decision for surgery was made
and concluded 90 days post discharge. It included the costs of care
delivered by physicians, whether employed at the hospital or not,
and for postacute care, such as for rehabilitation and therapy.Table 1
Medicare risk-adjusted complication and readmission rates [10].
Comparison Risk-adjusted complication
rate (%)
Risk-adjusted readmission
rate (%)
Better than US
national rate
3 2
No different than US
national rate
95 97
Worse than US
national rate
2 1
Source/notes: Hospital Compare data. 2015 [cited 2015 April 12]. Available from:
https://data.medicare.gov/
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(2016), http://dx.doi.org/10.1016/j.artd.2016.08.001Except for the postacute care costs, the analysis focused on direct
personnel and consumable supply costs. We excluded space and
equipment costs since our previous research projects found these
costs to be less than 10% of personnel and supply costs [18]. We also
excluded indirect costs, such as information technology, human
resources, and billing, as assigning these costs accurately would
have required extensive cost modeling and analysis for every
indirect and overhead cost category in the hospital.
We used TDABC to measure the direct personnel costs and
trained the sites on the approach [4-6]. TDABC involves identifying
the clinical and administrative activities performed over the care
cycle, including the types of clinicians and staff members that
perform each activity and the amount of time each personnel type
spends on each activity. The second step in the TDABC process
calculates the cost per minute for each of the personnel types used
in the care cycle. The cost per minute divides the fully loaded cost
for each type of personnel (compensation plus beneﬁts) by the
quantity of time that each personnel type has available for per-
forming productive work per year on average. The employee
activity time is then multiplied by the employee's cost per minute
and summed across all employees to calculate total personnel costs.
For example, if a nurse spends 20 minutes with a patient during an
ofﬁce visit (inclusive of prep and follow-up time), and the fully
loaded cost for that nurse is $1.50/minute, then the cost of nursing
time for the visit is $30. The cost of all of the resources utilized as
part of a particular service (eg, a clinic visit, a rehabilitation session,
or a surgical intervention) can then be summed together to deter-
mine the total cost of that service [3].
The organizations used actual purchase prices, the price the
organization paid to the manufacturer or distributor, as the cost for
consumable supplies. For postacute care costs, the organizations
used internal cost estimates when they provided the service and
external claims data when internal cost data were not available.
The unit of analysis for the study was the average cost to deliver
the care for primary TKAs at each site. The project teams reported
their cost data in a common format with a web-based system,
developed by the study authors, which then calculated the TDABC
costs for each site. The authors analyzed the consolidated data to
compare costs across sites for the complete care cycle, as well as for
important segments within the care cycle, such as preoperative,
day of surgery, postacute care, and for different categories of
expense, principally personnel and purchased supplies. A unique
capability of the TDABC costing approach enabled the authors to
use accounting variance analysis to adjust for differences in labor
cost rates across the sites [19]. The authors could also identify the
variation in postacute care spending caused by differences in pay-
ments for different types of postacute care services (eg, home
health care vs skilled nursing facility) across sites.
The sites had the option to either report costs for the site on
average or to provide a breakdown of costs based on the practices of
individual physicians. In the latter situation, we used an average
cost across physicians for those sites.
The authors performed a separate analysis of the costs of the
prosthetic implant, the largest single cost component for TKAs [20].
The sites replied to a survey asking them to report the average pur-
chase price for prosthetic implants used in primary TKA procedures
for DRG 470 over the 12 months ending September 30, 2013. They
reported their average purchase price with in $500 ranges. For sta-
tistical analysis, we used themidpoint of each price point range [21].
Results
Table 2 summarizes the variation in costs across the 29 sites. Due
to nondisclosure agreements with the participating hospitals, we
show the cost comparisons in indexed form, rather than the actualcost of care for primary total knee arthroplasties, Arthroplasty Today
Table 2
Distribution in indexed costs for primary total knee arthroplasties.
Measure Higher percentile is a higher cost. Unit of analysis is a hospital and afﬁliated surgeons.
10th percentile 25th percentile Median 75th percentile 90th percentile Ratio of 90th to 10th
percentile
Total personnel and consumable supply costs
for hospital stay and orthopaedic ofﬁce visits
0.77 0.88 1.00 1.09 1.24 1.6
Total consumable supply costs 0.62 0.90 1.00 1.08 1.41 2.3
Prosthetic implant cost 0.58 0.79 1.00 1.11 1.23 2.1
Bone cement costs 0.22 0.52 1.00 1.68 3.81 17.4
Total personnel costs 0.59 0.77 1.00 1.13 1.37 2.3
Total standardized personnel costs 0.68 0.82 1.00 1.14 1.31 1.9
Standardized personnel costs before day of surgery 0.57 0.84 1.00 1.62 2.10 3.7
Standardized personnel costs day of surgery
before surgery
0.59 0.69 1.00 1.48 1.85 3.1
Standardized personnel costs during surgery 0.61 0.78 1.00 1.33 1.64 2.7
Standardized personnel costs in the
postanesthesia care unit (PACU)
0.59 0.85 1.00 1.38 1.63 2.8
Standardized personnel costs during inpatient stay 0.74 0.84 1.00 1.14 1.35 1.8
Standardized personnel costs during postdischarge
follow-up visits
0.34 0.53 1.00 1.43 2.00 5.9
Readmission cost 0.53 0.73 1.00 1.36 1.58 3.0
Standardized postacute care costs 0.74 0.88 1.00 1.22 1.63 2.2
Source/notes: Data from 29 JRLC partner sites.
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1.00; values greater than 1 represent higher costs and values below
1 represent lower costs. Higher percentiles represent higher costs
(eg, for a site at the 90th percentile, 90% of sites had costs lower than
it). The total personnel and consumable supply costs for the site at
the 90th total cost percentile were 1.6 (60%) greater than the costs
of the site at the 10th percentile. A site at the 90th percentile for total
personnel and supply costs that improved to the 75th percentile
would save 12%; a site at the 75th percentile that improved to the
median would save 8%; a site at the median that improved to the
25th percentile would save 12%; and a site at the 25th percentile
that improved to the 10th percentile would save 13%.
On average, consumables represented 59% and personnel 41% of
personnel and supply costs. There was a 2.3 range in consumable
costs between the 90th and 10th percentiles. Prosthetic implants,
the largest consumables expense, had a 2.1 range between
the 90th and 10th percentiles [20]. Other types of consumables had
a much larger range. The cost of bone cement, for example, was
17 higher for the 90th percentile site than for the site at the 10th
percentile. While we are not able to quantitatively explain all the
variation in bone cement costs, anecdotally, the variation was
caused by having different purchase prices for the same type of
cement, using different types of cement (eg, premixed antibiotic
cement is more expensive than hand-mixed or plain bone cement)
and using different quantities of cement during the actual
procedure.
Total personnel costs had a 2.3 range between the 90th and
10th percentiles, for example, the site at the 90th percentile spent
130% more on personnel than the site at the 10th percentile. Some
of the cost variation across the hospitals could be attributed to the
different compensation paid by each site to similar types of com-
parable employees (called a price variance by accountants). We
controlled for this source of variation by also calculating costs using
an averagewage and beneﬁt rate for each personnel type at all sites,
for example, if we were doing a comparison across only 2 sites
(instead of the 29 actually used) and site 1's nurses cost $1/minute
while site 2's cost $1.5/minute, we would use an average rate of
$1.25/minute for the cost of nursing time at each site when calcu-
lating standardized personnel costs. Total personnel costs after
standardization still had a 1.9 difference between the 90th and
10th percentiles. This variation, called a quantity or productivity
variance, is exclusively due to differences in the mix of personnelPlease cite this article in press as: D.A. Haas, R.S. Kaplan, Variation in the
(2016), http://dx.doi.org/10.1016/j.artd.2016.08.001utilized and the quantity of time each type spent over the episode
of care, factors that are much easier to change than local, and site-
speciﬁc compensation rates.
We analyzed personnel cost variation at each stage of the care
cycle: before day of surgery, day of surgery before the operation,
surgical operation, postanesthesia care unit stay, inpatient stay, and
postoperative orthopaedic follow-up visits. The greatest variation
in personnel costs occurred during the postoperative follow-up
visits, with a 5.9 range in costs from the 90th to the 10th per-
centiles. Since most sites had 2 follow-up visits within 90 days of
discharge from the operation, the variation in follow-up visit
personnel costs was driven by which employees saw patients and
the time each spent with them during each follow-up visit, rather
than by the number of visits.
The inpatient ﬂoor hospitalization costs were driven primarily
by nursing costs. After standardizing for differences in wage rates
among sites, the 2 largest drivers of nursing expenses were the
length of the patient's hospital stay and the patient-to-nurse
stafﬁng ratio (ie, how many patients each nurse was expected to
care for).
Cost estimates for patients discharged to the various types of
postacute care (inpatient rehabilitation, skilled nursing facility,
home with home health care, and home with outpatient therapy)
varied by at least 6 between the 90th and 10th percentiles. We
again used variance analysis by calculating an average cost for each
type of postacute care. This enabled us to focus our analysis on the
mix of postacute services used across hospitals. A 2.2 variation
between the 90th and 10th percentiles for postacute care costs still
remained. The variation was due to variation in discharge disposi-
tion (the type of setting patients were discharged to) and read-
mission rates, with most of the variation due to discharge
disposition. We found no correlation between performing statisti-
cally better or worse than average on the Medicare Hospital
Compare metrics and standardized personnel costs. We also found
no correlation between standardized personnel costs up through
discharge and standardized postacute care costs.
Discussion
Personnel costs were highest for the surgical operation and the
inpatient hospitalization stay. The primary drivers of surgical
operation costs were the duration of the operation, including timecost of care for primary total knee arthroplasties, Arthroplasty Today
Table 3
Quartiles of postacute care spend and discharge disposition.
Quartiles of postacute care spend Home with outpatient (%) Home health (%) Inpatient rehabilitation (%) Skilled nursing facility (%) Readmissions (%)
Highest 4 42 24 29 3
2nd highest 17 50 4 29 3
2nd lowest 23 57 7 13 3
Lowest 44 42 4 10 2
Source/notes: Data from 29 JRLC partner sites.
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bers used at each stage of the operation. Surgeons are by far the
most expensive personnel type. Surgeons at the sites with the
lowest surgical personnel costs per patient (after standardizing for
differences in labor cost rates across sites, which varied by over
60%) had shorter surgery times either because they were faster or,
more commonly, were present for fewer process steps of the sur-
gery. At the low surgical personnel cost sites, the surgeon's time
lasted only from ﬁrst incision to the time closure began, at which
point the surgeon left to prepare for the next case in a second
operating room. Lower cost (but still qualiﬁed) staff members
performed the remaining functions, including closure. From a
productivity perspective, most of the surgeons who performed at
least 300 TJAs per year had access to two operating rooms, half the
surgeons who performed between 100 and 300 cases per year used
2 operating rooms, while all of the surgeons who performed under
100 cases per year had access to only 1 operating room for their
procedures.
The cost of a surgeon with access to only 1 operating room is
much higher, as the surgeon's time includes the actual operating
time plus the time spent waiting for the current case to be
ﬁnished, for the room to be cleaned and prepared, and for the next
patient to be transferred to the room. A conﬂict can therefore arise
between hospitals that want high utilization of their expensive
operating rooms and surgeons who want high utilization of their
time. Accurate cost accounting helps to resolve this conﬂict.
Representative numbers based on our prior (unpublished) work
have shown that, on average, a fully equipped operating room
costs about $0.50 per minute of the available time. A fully staffed
surgical team, including the surgeon, costs $10-$20 per minute.
Even excluding the surgeon from the analysis, the cost per minute
for the rest of the operating room team is typically above $5 per
minute, an order of magnitude higher than the space cost. A
hospital striving to get maximum utilization of its most expensive
resources should learn how to keep its skilled surgical teams as
productive as possible.
The other principal source of variation in day of surgery costs
was the 2.1 to 1 variation (90th to 10th percentiles) due to implant
purchase prices. A statistical analysis revealed that the most sta-
tistically and economically signiﬁcant variable to explain this large
variationwas whether a joint committee of hospital administrators
and surgeons made the purchase decision and negotiated with
vendors [20]. Sites that used such a joint committee paid, on
average,17% less for implants than those without a joint purchasing
committee. Volume played a statistically signiﬁcant but small-
in-magnitude role (3% reduction per 100 incremental surgeries).
The cost of bone cement also varied widely across sites, largely
caused by variation in the type of cement used. For example, pre-
mixed antibiotic cement is much more expensive than other types.
Research has shown, however, that hospitals do not necessarily
need to purchase more expensive bone cement. A recent recom-
mendation made by the American Academy of Orthopaedic
Surgeons noted that in most cases, antibiotic cement is unnec-
essary, providing an actionable way for organizations to reduce
costs quickly without compromising patient outcomes [22].Please cite this article in press as: D.A. Haas, R.S. Kaplan, Variation in the
(2016), http://dx.doi.org/10.1016/j.artd.2016.08.001Postacute care was also costly. Table 3 shows that the major
explanation of the variation in costs of postacute care arises from the
discharge disposition for the patient. Sites in the lowest quartile of
standardized postacute costs discharged 86% of their patients to
their homes. Sites in the highest quartile discharged less than 50% of
their patients to home. Home rehabilitation costs were 20% of the
costs of skilled nursing facilities and 15% of the costs for extended
inpatient facilities. There was no systematic relationship across sites
between the average patient age and the standardized postacute
care costs at each site. Several of the low postacute cost care sites
reported that they set an expectation for discharge to home reha-
bilitation in presurgical visits with patients and their families and
subsequently reinforced this communication during the hospital
stay. During the hospital stay, the sites also designed their pain
management and physical therapy to increase a patient's comfort
level with being discharged to home. For example, one site used a
prototype vehicle for the patient to practice entering and leaving and
a 12-step staircase with rails on either side to practice going up and
down stairs. While the extra time spent talking with patients and
their families and the specialized therapy approaches did involve
higher costs, these extra costs were less than $100 per patient, a
savings of thousands of dollars when compared to discharging pa-
tients to skilled nursing and specialized rehab facilities. Sites that
started physical therapy earlier in the postsurgical stage also dis-
charged a higher percentage of patients to home health care.
Our data and methods are subject to a number of limitations.
First is the nonrandomized sample of hospitals in the analysis. The
29 hospitals in the study each performed at least 200 primary TJAs
per year, and all chose to participate in the Joint Replacement
Learning Community program in 2014. A second limitation is that
each hospital self-reported the data. While we continually ques-
tioned and challenged the hospitals to conﬁrm that the reported
data were correct, we were not able to independently verify the
data ourselves. It is thus possible that some of the variation in cost
is due to differences in how well and how accurately the hospitals
captured information used to calculate the TDABC costs at their
institution. A third limitation is that while hospitals had data on the
discharge disposition of the patient, they did not have compre-
hensive data on the postacute care costs for the patients. The
variation in postacute care costs is therefore based on the average
cost for the discharge disposition used for patients, not the actual
full cost for the 90 days post discharge. A fourth limitation, as noted
in the Material and methods section, is that we did not include
space and equipment costs in the analysis based on our prior
experience that these do not typically represent a substantial cost
on a per patient basis. It is possible though that varying use of
advanced technology, such as computer navigation, advanced
imaging, robotics, and custom jigs contributes to variation in cost
across hospitals.
Conclusions
Hospitals with similar patient demographics and similar patient
volumes for TKAs have wide variation in their costs over the TKA
care cycle. This large variation suggests a great opportunity to lowercost of care for primary total knee arthroplasties, Arthroplasty Today
D.A. Haas, R.S. Kaplan / Arthroplasty Today xxx (2016) 1e5 5costs while maintaining quality and patient outcomes by identi-
fying and transferring the best practices of sites in the lowest
percentiles of cost. These best practices improve the efﬁciency of
care and productivity of employees and facilities, enabling them to
handle much of the expected growth in TKA volume without
adding costly new capacity. Several sites in the program made
immediate and signiﬁcant improvements based on what they
learned from the analysis, such as optimizing the discharge
disposition of the patients from the hospital and changing pain
management to enable physical therapy to start earlier. Looking
forward, policies such as bundled payments will lead to greater
price (payment rate) pressure on hospitals, increasing the beneﬁts
from proactive management of actual costs over complete episodes
of care. TDABC provides both accurate estimates of care cycle costs,
as well as greater transparency into the drivers of those costs.
With almost all hospitals publically reporting similar outcomes
on complication and readmission rates despite large variation in
costs, such efﬁciency and productivity improvements should be
possible while maintaining or improving outcomes. Further efforts,
however, should strive to encourage hospitals and clinicians to
adopt and report condition-speciﬁc patient-reported outcome
metrics, which would allow a better comparison and improvement
of quality and costs across providers.Acknowledgments
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